Abstract Several cardiovascular magnetic resonance imaging (CMR) techniques are used to detect microvascular obstruction (MVO) after acute myocardial infarction (AMI). To determine the prevalence of MVO and gain more insight into the dynamic changes in appearance of MVO, we studied 84 consecutive patients with a reperfused AMI on average 5 and 104 days after admission, using an optimised single breath-hold 3D inversion recovery gradient echo pulse sequence (IR-GRE) protocol. Early MVO (2 min post-contrast) was detected in 53 patients (63%) and late MVO (10 min post-contrast) in 45 patients (54%; p=0.008). 
Detection and characteristics of microvascular obstruction in reperfused acute myocardial infarction using an optimized protocol for contrast-enhanced cardiovascular magnetic resonance imaging Abstract Several cardiovascular magnetic resonance imaging (CMR) techniques are used to detect microvascular obstruction (MVO) after acute myocardial infarction (AMI). To determine the prevalence of MVO and gain more insight into the dynamic changes in appearance of MVO, we studied 84 consecutive patients with a reperfused AMI on average 5 and 104 days after admission, using an optimised single breath-hold 3D inversion recovery gradient echo pulse sequence (IR-GRE) protocol. Early MVO (2 min post-contrast) was detected in 53 patients (63%) and late MVO (10 min post-contrast) in 45 patients (54%; p=0.008). 
Introduction
Reperfusion therapy in patients with acute myocardial infarction (AMI) salvages myocardium and reduces mortality [1] [2] [3] . However, successful restoration of epicardial coronary artery patency after prolonged occlusion does not always lead to adequate reperfusion at the microvascular level. Previous studies have shown that the presence and absolute amount of microvascular obstruction (MVO) are associated with adverse left ventricular remodelling and prognosis [4] [5] [6] [7] . Microvascular flow after reperfusion is spatially and temporally complex, with coexisting regions of hyperaemia, impaired vasodilatory flow reserve, low flow and no reflow. The magnitude and spatial extent of these perfusion patterns vary over time [8] .
MVO can be detected with cardiovascular magnetic resonance imaging (CMR) using the technique of first pass perfusion imaging (FP) and traditional late contrastenhanced CMR (late CE-CMR), but no consensus exists on which technique is more accurate [5, 9-11]. The importance of detecting MVO early after contrast injection is increasingly being recognised and has led to the development of additional CMR techniques [12, 13] . Whereas traditional late CE-CMR may underestimate the true extent of MVO as a result of diffusion of gadolinium into the area of MVO over time, FP allows only incomplete coverage of the left ventricle and has a lower signal-tonoise ratio and spatial resolution. When the technique of traditional late CE-CMR is performed early after contrast administration (early CE-CMR), the advantages of complete ventricular coverage, optimal signal-to-noise (SNR) and spatial resolution are combined and may overcome these shortcomings.
Optimal timing of imaging MVO and the dynamic changes of MVO over time in relation to clinical variables are not well known. In this study, a 3D inversion recovery pulse sequence was used early and late after contrast administration to determine the prevalence of MVO and gain more insight into the dynamic changes in appearance of MVO in relation to clinical variables. For early imaging the inversion time of the imaging sequence was first optimised in a pilot study.
Materials and methods

Patients
The study was approved by the institutional review board of our hospital, and patients were included after written informed consent was obtained. Between August 2006 and March 2008, 84 consecutive patients with a first ST segment elevation myocardial infarction (STEMI) referred to our institution for primary percutaneous coronary intervention (PCI) and presentation less than 12 h after symptom onset were prospectively studied. Definition of myocardial infarction (MI) was based on the recent consensus document including appropriate rise and fall in cardiac biomarkers [14] . Excluded were patients with claustrophobia, contraindications for CMR (cerebral clips, pacemakers, defibrillators, neurostimulators), severe congestive heart failure or cardiogenic shock (Killip class III and IV) at the time of CMR, atrial fibrillation, age below 18 years, severe renal failure (stage 4 or 5) and pregnancy.
Before emergency PCI all patients received aspirin (500 mg), heparin (5,000 U) and clopidogrel (600 mg). Use of thrombosuction and downstream administration of intravenous antiplatelet agents (abciximab), intracoronary nitroglycerine and adenosine were left to the discretion of the interventional cardiologist.
Cardiac biomarkers were sampled on admission, and at 6-, 12-, 18-, 24-, 36-, 48-and 72-h intervals. Area under the curve (AUC) biomarker levels were derived and expressed as 1,000 h units l 
CMR protocol
Patients underwent CMR imaging 5±2 days (range 2-10 days) and 104±11 days (range 88-122 days) after admission. Images were acquired during multiple breathholds on a 1.5-T MRI system (Philips Intera, Philips Medical Systems, Best, the Netherlands) with a cardiac software package and dedicated five-element phased array surface coil. ECG-gated cine images were obtained for functional analysis using a steady-state free precession sequence (slice thickness 6 mm, slice gap 4 mm, average repetition time (TR) and echo time (TE) 3.8/1.9 ms, respectively, flip angle 50°, FOV 350 mm, matrix 256× 256, typically 22-25 phases per cardiac cycle), in the following orientations: single slice two-chamber long axis, three-chamber long axis, four-chamber long axis, and a short axis stack covering the left ventricle (LV) from the base to apex (typically 10-14 slices).
Subsequently, a single breath-hold (15-20 s) 3D inversion recovery gradient echo sequence completely covering the LV was used for early and late CE-CMR (acquired slice thickness 12 mm, reconstructed slice thickness 6 mm, average TR/TE 3.9/2.4 ms, multishot (50 profiles/shot) segmented partial echo readout every heartbeat (TFE), flip angle 15°, FOV 400 mm, matrix 256×256, acquired and reconstructed pixel size 1.56×1.56 mm, typically 16-18 slices). The pulse sequence was run at 2 and 10 min after intravenous administration of 0.2 mmol/kg body weight gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA, Magnevist®, Schering, Germany; injection rate 3 ml/s). For early CE-CMR, the inversion time was first optimised in a pilot study:
Pilot study to find optimal TI for early CE-CMR We set out to find an optimal inversion time (TI) for early CE-CMR. For this, Look-Locker images acquired 2 min after intravenous administration of gadolinium (0.2 mmol/kg body weight; injection rate 3 ml/s) were quantitatively analysed in eight separate patients. This Look-Locker gradient echo (GRE) pulse sequence (slice thickness 10 mm, average TR/TE 3.6/1.7 ms, multishot (3 profiles/shot) segmented full echo readout every heartbeat, flip angle 8°, FOV 370 mm, resolution 256×256, 39 phases, phase interval 15 ms) was applied at the short axis level with the most pronounced wall motion abnormalities. For analysis, epicardial and endocardial contours were manually drawn in each phase. Additional regions of interest (ROIs) were defined in: (1) a subendocardial hypoenhanced region (MVO), (2) a region adjacent to the hypoenhanced region (infarcted myocardium) and (3) noninfarcted (normal) myocardium (Fig. 1 ). All contours and ROIs were carefully adjusted for cardiac motion as a result of contraction and breathing. The signal intensities (SI) of MVO, infarcted and noninfarcted myocardium were determined as a function of the Look-Locker TI (Fig. 2a) . Measured inversion recovery SI curves were mathematically fitted to the inversion recovery magnetisation function, which provides estimates of the T1 relaxation time of these tissue regions [15] . T1 parameter estimations were calculated in the MATLAB (The MathWorks, Natick, MA) programming environment using a Levenberg-Marquardt nonlinear fitting algorithm. As the implemented Look-Locker pulse sequences provided magnitude images, the Rician noise distribution was taken into account [16] . Subsequently, the fitted SI curves of MVO and infarcted myocardium were subtracted to find the TI of maximum contrast, where contrast was defined as the difference in signal intensity (SI) between MVO and adjacent infarcted myocardium:
The TI for which this contrast between MVO and adjacent infarcted myocardium was maximal would at first sight provide the optimal TI for early CE-CMR (Fig. 2a ).
However, a broad range of TI values (approximately 300-700 ms) were found with suboptimal overall signal characteristics of normal and infarcted myocardium. It was beneficial to use higher TI values, because higher signal levels will be acquired at nearly constant contrast, but with improved endocardial and epicardial border definition. This observation led us to define a merit function (MF), which was defined as the product of the signal difference between MVO and infarcted myocardium multiplied by the signal intensity of noninfarcted myocardium (SI normal ) ( Fig. 2b ):
With this approach, both contrast and signal characteristics were simultaneously optimised. The merit function had a more narrow range of optimal TI values. The TI value of 530 ms (528±201 ms), for which this merit function has its maximum, was used for subsequent early CE-CMR.
Early CE-CMR
With the inversion time (TI) set to 530 ms, images showed increased signal intensity of the blood pool in the ventricular lumen, infarcted and noninfarcted myocardium. MVO was defined as a central hypoenhanced region within the area of the infarct-related artery (Fig. 3 , left panel).
Standard late CE-CMR
Based on the results of a Look-Locker sequence run at 10 min after contrast injection (8 min after early CE-CMR), images were then acquired with an individually set inversion time (typical range 200-280 ms) to optimally "null" noninfarcted myocardium. MVO was defined as a persistent central hypoenhanced area within the hyperenhanced area (Fig. 3, right panel) .
CMR image analysis CMR images were analysed off-line using commercially available software (CAAS MRV 3.0, Pie Medical Imaging, Maastricht, the Netherlands) blinded to clinical information. Endocardial and epicardial contours were manually traced in end-diastolic and end-systolic short axis slices to determine left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV), left ventricular ejection fraction (LVEF), and left ventricular end-diastolic mass and were indexed to body surface area (BSA). Endocardial and epicardial contours were manually traced on both early and late CE-CMR images. The presence or absence of MVO was determined independently by two experienced observers. Infarct size was measured on the late CE-CMR images by manual planimetry of hyperenhanced areas (including central hypoenhancement if present) and expressed as a percentage of LV mass.
Statistical analysis
Continuous data are expressed as mean ± SD or as median and range when non-normally distributed. Categorical data are expressed as frequencies with percentages. Differences between patients with and without early MVO were tested using an unpaired t test. Spearman's rank correlation coefficient (r) was used to determine correlations. The differences between proportions of paired categorical data were analysed using McNemar's test. All images were independently analysed by two observers blinded to the clinical data to determine the presence or absence of MVO, both for early and late. The interobserver agreement between readers was analysed by using kappa (κ) statistics. The same statistics was used to check agreement between early and late MVO by one observer only. Unless otherwise stated, a two-tailed p value less than 0.05 was considered statistically significant. Depending on the MVO status, patients were classified into three groups: those without MVO on early and late CE-CMR (absence), those with MVO on both early and late CE-CMR (persistence), and those with MVO on early but not late CE-CMR (disappearance). Comparisons among these groups were conducted either with the parametric one-way ANOVA or the nonparametric Kruskal-Wallis test for continuous variables. Post hoc pairwise comparisons were Bonferroni corrected. For categorical variables Chi-squared or Fisher's exact tests were applied. Logistic univariable regression models were fitted to investigate which variables individually were significantly associated with presence of MVO (persistence or disappearance). Subsequently, only significant predictors (at a 0.1 significance level) were added to a multivariate model to estimate their independent/adjusted effects. Similarly, univariable logistic regression followed by multivariable analyses were conducted to detect independent predictors of MVO disappearance.
A paired sample t test was used to investigate whether LVEDV index and LVEF significantly changed between baseline and follow-up measurements. Statistical analysis was performed with SPSS software (version 15.0 for Windows; SPSS Inc., Chicago, Illinois).
Results
The mean patient age was 60±11 years and 61 (73%) were men (Table 1) . Most myocardial infarctions involved the right coronary artery (55%), followed by the left anterior descending (32%) and circumflex artery (13%). More than half of the patients had single vessel disease (52%). PCI with stenting was performed in 80 patients (95%). In four Maximum contrast (i.e. SI difference) between MVO and infarcted myocardium would be obtained at an inversion time of approximately 340 ms. b Combining optimised contrast and overall signal, the merit function provides a much less broader optimum at an inversion time of 465 ms for this case than for the contrast between MVO and infarcted area. Note the broad maximum in b and the relatively low signal at 340 ms (i.e. maximal SI difference in this case) in a patients no PCI was performed because of baseline thrombolysis in myocardial infarction (TIMI) 3 flow and a residual stenosis less than 30%. Thrombosuction was performed in 26 patients (31%), and intracoronary adenosine or nitroglycerine was given in 57 patients (68%). Downstream abciximab was given in 43 patients (51%). Final TIMI 3 flow was established in 75 patients (89%) and TIMI 2 flow in the remaining 9 patients (11%). The mean time from symptom onset to first balloon inflation or stent placement (total ischaemic time) was 219±85 min. Mean CK area under the curve (AUC) was 54±37 (1,000 h units l
−1
). Mean infarct size was 16±11% of the LV mass.
Early CE-CMR MVO on early CE-CMR was observed in 53 patients (63%). The extent of MVO was 4.3±3.2% of the LV mass; expressed as absolute values this was 7.8±6.4 g. Compared with patients with absence of MVO, those with MVO had a higher left ventricular end-systolic volume index (LVESVi) (45±13 ml/m 2 vs. 37±11 ml/m 2 , p=0.008), lower ejection fraction (49±7% vs. 56±7%, p<0.001), larger infarct size (21±9% vs. 6±8%, p<0.001) and higher CK AUC (68±32 vs. 30±31 (1,000 h units l , p=0.07, respectively). In the multivariable analysis with variables from Table 1 , only infarct size remained an independent predictor of the presence of MVO (expβ (OR) 1.2, 95%CI 1.1-1.3, p<0.0001). (Fig. 3) . The agreement between early and late MVO (κ=0.8, p<0.001, Table 2 ) and the correlation between the extent of early and late MVO were good (r= 0.8, p<0.0001, Fig. 4 ). The interobserver agreement for the presence or absence of early and late MVO was excellent (k value 0.9 for both early and late measurements, p<0.001).
Early vs. late CE-CMR
In all except one patient, the extent of MVO decreased significantly from early to late imaging (4.3±3.2% vs. 1.8± 1.8%, p<0.001, Figs. 3 and 5 ). The median decrement in all patients was 66% (range 0-100%); expressed as absolute amounts this resulted in a median decrement of 3.4 g (range 0-21 g). The individual decrement was quite heterogeneous (Fig. 5) . Thus, early MVO was absent in 31 (37%) patients, persisted in 45 (54%) patients and disappeared in 8 (9%) patients during late CE-CMR. Most baseline characteristics were not found to be related to absence, persistence and disappearance of MVO (Table 3) . At baseline, infarct size and CK AUC were smallest and lowest in patients with absence of MVO, and largest for patients with persistence of late MVO (30±31 vs. 73±32 (1,000 h units l ) and 6± 8% vs. 23±9%, p<0.001 for both). In addition, LVEF was highest in patients with absence of MVO, and lowest for patients with persistence of MVO (56±7 vs. 48±7%, p<0.001).
The eight patients with disappearance of MVO had an infarct size and LVEF that was intermediate between those of patients with absence and persistence of MVO (12±4% and 54±6%, respectively, Table 3 ). These eight patients had a significantly smaller extent of early MVO than patients with persistent late MVO (0.8±0.4% vs. 5±3.1%, p<0.001, Fig. 5 ).
None of the clinical variables from Table 2 was found to be a significant predictor of MVO disappearance. From the CMR variables and after correction, only a smaller extent of early MVO remained independently associated with disappearance of late MVO (expβ (OR) 0.034, 95%CI 0.001-0.908, p<0.04).
Follow-up CMR
LVEDV index decreased and LVEF increased in all three subgroups as compared with baseline (Table 3) . LVEF remained highest in patients without MVO as compared with patients with persistence of late MVO (59± 6% vs. 51±7%, p<0.001). LVEF in patients with late MVO disappearance remained intermediate (55±4%).
Discussion
The findings of this study in 84 patients with a reperfused first acute STEMI can be summarised as follows. First, the prevalence of MVO early after contrast injection at 2 min (early MVO) is higher than with traditional late CE-CMR at 10 min (late MVO) using an optimised single breath-hold 3D inversion recovery gradient echo technique. Second, the extent of MVO decreases significantly depending on the time of imaging after contrast administration and this decrease is quite heterogeneous (Figs. 3 and 5) . Only the The prevalence of MVO not only depends on the timing of imaging after infarction but also on the timing of imaging after contrast administration [9, 17] . In addition, it depends on the imaging technique used and as a consequence the reported prevalence of MVO has been inconsistent, ranging between 38 and 84% using FP and between 28 and 36% using traditional late enhancement imaging [9, 18] . Although the numbers were not greatly different, we found that the prevalence of MVO using early CE-CMR at 2 min after contrast administration was significantly higher compared with late CE-CMR. Early MVO completely filled in during late CE-CMR in 10% of patients.
Despite the importance of detecting MVO in AMI patients, a 'gold standard' for the clinical detection of MVO has not been established yet. Several techniques measuring slightly different biological parameters are currently used (TIMI flow, blush grade, ST segment resolution, myocardial contrast echocardiography and scintigraphy). In addition, different CMR techniques are being used such as traditional late CE-CMR, contrast-enhanced cine MR imaging, T2-weighted imaging and FP, but the sensitivity is still undetermined [5, 9-11, 17, 19-22] .
For the detection of early MVO, FP seems sensitive because of its histopathological correlation to MVO, as measured with thioflavin S staining and radioactive microsphere blood flow measurements in experimental studies [23] . FP, however, is hampered by incomplete left ventricular coverage, low SNR and low spatial resolution. Because of these shortcomings, other fast CMR techniques are increasingly being used for the detection of MVO early after contrast administration, including 3D T1-weighted inversion recovery gradient echo techniques [13, 24] . However, these studies did not specify the inversion times that were used for early imaging. Because we first optimised the inversion time for early imaging our approach allows imaging of the complete LV within a single breath-hold with good resolution, signal and contrast to noise.
As we used the same pulse sequence for early and late CE-CMR, except for different inversion times, this enabled us to accurately evaluate the dynamic changes in appearance of MVO over time. In all but one patient the extent of MVO significantly decreased from early to late imaging. We found a great heterogeneity in the shrinkage of MVO over time, indicating that the prevalence of MVO is only one part of the larger underlying pathophysiology of MVO (Figs. 3 and 5) . For the first time we have described this heterogeneity in the shrinkage of MVO by using CMR. It likely represents the underlying heterogeneity in tissue perfusion, which was previously demonstrated in experimental studies. Negligible flow within the infarct core and progressively increasing flow towards the outer edges of the infarcted region are likely related to varying degrees of microvascular damage and obstruction [23, 25, 26] . Whether this relates to varying degrees of remodelling over time or carries adverse prognostic information is currently unknown and needs to be studied further.
Our protocol enabled us to distinguish an additional group of patients with early but disappearance of late MVO. Recently, Nijveldt et al. compared three CMR techniques (early, intermediate and late hypoenhancement imaging) but did not specifically describe this subgroup [13] . They found intermediate hypoenhancement in only two additional patients (3%) compared with late hypoenhancement, whereas we observed this in eight additional patients (10%). Although late hypoenhancement was the strongest predictor of LV remodelling over time in their study, we have shown that these patients have an LVEF that is intermediate at baseline and after follow-up. This may imply that these patients represent an intermediate risk group and should not be excluded from future therapies for MVO. There are some limitations to our study. The inversion times used for the 3D inversion recovery sequence of both early and late CE-CMR were determined with a LookLocker sequence. Although both sequences are gradient echo (GRE) readouts, the inherent difference in sequence parameters may cause differences in the amount of T1 weighting. It is therefore possible that the inversion times determined in our study are close but may be slightly out of kilter with the optimal inversion times for early and late CE-CMR. As the TI used in early CE-CMR was far above the "null" point for normal myocardium, small uncertainties in the optimal TI for early CE-CMR are not that critical as those for late CE-CMR. The optimal TI for late CE-CMR is traditionally set to "null" healthy myocardium 10-15 min after contrast administration in each patient. This is not possible for early CE-CMR, as the 2-min interval is too short for individual patients. Therefore, optimal TI for early CE-CMR was first determined in a pilot study.
The 2-min interval was chosen in line with histopathological validation of MVO in earlier studies [17, 23] . With even earlier imaging (i.e. 30 s) sensitivity may increase but specificity may be decreased, because central hypoenhancement may appear in the setting of significant epicardial coronary disease even in the absence of myocardial infarction. Moreover, in our study we were interested in the dynamic change in appearance of MVO over time. Earlier imaging might have possibly shown a greater level of dynamic change. However, because most patients showed substantial shrinkage of MVO, the exact timing of early imaging is not expected to be that critical. For the difference between absence of MVO (early and late) and persistence of late MVO b,e For the difference between disappearance and persistence of late MVO
In conclusion, using an optimised single breath-hold 3D inversion recovery gradient echo pulse sequence, the prevalence of MVO early after the injection of contrast medium is higher than with traditional late CE-CMR. Our results show that the appearance of MVO is dynamic and heterogeneous, and imaging MVO early and late after contrast administration may give more information about the severity and pathophysiology of MVO. In addition, this approach allows the discrimination of MVO subgroups that have different infarct sizes and remodelling parameters.
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